Background. Human immunodeficiency virus-positive (HIV+) individuals have higher rates of cognitive impairment and cerebrovascular disease compared with uninfected populations. We hypothesize that cerebrovascular disease, specifically brain large artery disease, may play a role in HIV-associated neurocognitive disorders (HAND).
artery disease at the time of death in a group of HIV+ individuals. We hypothesize that brain large artery disease is associated with HIV-associated neurocognitive impairment (HAND) at the time of death and that ante mortem cognitive performance will be poorer among people with evidence of brain large artery disease at death.
METHODS
Participants for this study were enrolled in the Manhattan HIV Brain Bank, which operates under institutional review board approval at the Icahn School of Medicine at Mount Sinai. Upon consent and enrollment, participants are prospectively followed with semiannual or annual neuropsychological, neuromedical, and psychiatric examinations; upon death, participants agree to be brain donors for the purposes of neuro-HIV research. Immunovirologic data (CD4 counts, viral loads) were recovered from the medical charts in the first epoch of the study and run as standard laboratories during study visits at later years. Other information assessed via self-report and when available, review of medical records, includes history of vascular risk factors such as hypertension, diabetes, dyslipidemia, and smoking or evidence of medication use for these vascular risk factors.
Neurocognitive Testing
During full study visits, participants undergo an extensive neurocognitive battery as previously described [5, 15] . For this study, we used the entry visit Wide Range Achievement Test (WRAT), 3rd edition, reading subtest as an indicator of premorbid literacy [16] . We analyzed the following 5 putative cognitive domains derived from aggregated neuropsychological tests: motor domain (derived from grooved pegboard dominant and nondominant hands), processing speed (derived from Trail Making Test-Part A, Wechsler Adult Intelligence Scale-III [WAIS] Digit Symbol, WAIS Symbol Search), working memory (derived from WAIS-III Letter Number Sequencing and Paced Auditory Serial Addition Task), verbal fluency (derived from Controlled Oral Word Association Test), and executive functioning (derived from Trail Making Test-Part B and Wisconsin Card Sorting Test-Perseverative Responses). Norms were applied to the raw scores to obtain T scores, taking into account age, education, sex, and ethnicity as appropriate [17] . A composite global score was obtained by adding and averaging domain T scores.
Neurocognitive Diagnoses
The neurocognitive diagnoses were ascertained during a multidisciplinary meeting by consensus of at least 1 physician and 1 neuropsychologist. The diagnoses of HIV-associated dementia (HAD) and minor cognitive-motor disorder (MCMD) were attributed using the American Academy of Neurology nosology [1] . Subsyndromic neuropsychological impairment (NPI, equivalent to asymptomatic neuropsychological impairment in the Frascati classification of HAND) [18] and NPI deemed due to other causes (NPI-O) were defined as published by the National NeuroAIDS Tissue Consortium [19] .
Brain Large Artery Definitions
The methods and definitions used for brain large arteries have been described elsewhere [13, 20] . Briefly, we identified arterial segments forming part of the circle of Willis (ie, first portion of the middle, anterior, and posterior cerebral arteries, etc.) and cut 5-mm segments from their most proximal and distal portions. Arterial segments were paraffin-embedded and stained with hematoxylin-eosin and elastin Van Gieson. Each section was digitized using an Olympus VS110 high-speed, high-resolution scanner with Olympus Soft Imaging Solutions software and a microscope with constant illumination, with 10× magnification and scale = 0.643 μm/pixel. We quantified the diameter of the lumen and arterial wall using color-based thresholding, with inter-and intrarater >0.90 for both measures [21] . Given the prior observation that the morphometry of each brain artery is strongly influenced by artery type and sex (as closest surrogates of head size) [22] , we normalized the lumen diameter and arterial wall thickness into normal scores in subsamples of artery type and sex. Integrity of the internal elastic lamina and presence of atheroma (used here as sine qua non of atherosclerosis) was defined by visual observation with a kappa value of 0.80 and 0.72, respectively [23] . Dolichoectasia was defined as a normalized lumen-to-wall ratio ≥95th percentile [13] .
Statistical Analyses
The data structure for the analyses consists of repeated measures of neurocognitive T scores (by domain) and CD4 counts over time (up to the time of death). We used age at the time of entry. For the other demographic, clinical, and pathological variables, we used their status at the time of death. Each participant had a variable number of brain large arteries. To fit this data structure, we used a generalized linear mixed model, which takes into account repeated measures over time, a random statement to account for the codependence between arteries from within the same individual, and a random statement for the follow-up time to assess trends.
First, we assessed whether the 2 main continuous variables (wall thickness and lumen diameter) were collinear using variance inflammation and condition index. In this case, there was no more than 19% variance inflammation and a maximum condition index of 3.0. Therefore, we built statistical models using the 2 continuous variables together. We started with a simple model using baseline WRAT scores, age, sex, and ethnicity. We assessed the change in beta estimates with subsequent adjustment for HIV-related variables (CD4 counts over time, use of cART, and viral load at time of death) in model 2, vascular risk factors (hypertension, smoking, dyslipidemia, diabetes) in model 3, and brain infarcts in model 4 to be able to assess the confounding effects of each of these cluster of variables in the beta estimate. We also substituted wall thickness by atherosclerosis and dolichoectasia as phenotypes of arterial disease in model 3. Due to collinearity between NPI-O and WRAT scores (low literacy may be a condition that contributes to NPI-O), we ran a sensitivity analysis excluding NPI-O. Finally, we used a generalized linear model to evaluate the cross-sectional relationship between neurocognitive diagnosis at death and brain arterial measurements. A P value ≤ 0.05 was considered statistically significant. The statistical software used for the analysis was SAS software, version 9.4 (SAS Institute Inc., Cary, NC).
RESULTS

Sample Description
We included 94 HIV+ individuals (mean age, 49.2 ± 8.8 years; 68% men; 54% non-Hispanic black). The sample characteristics at the time of death are described in Table 1 . Participants were followed on average 32 ± 33 months (median, 21 months; interquartile range [IQR], 7-75). During this period, participants had, on average, 4 visits at which neuropsychological testing was conducted (median, 3; IQR, 1-6), with a total of 417 neurocognitive data points. The median time between the latest cognitive test and the time of death was 4 months. The cognitive performance in the sample worsened over time, with the exception of executive function ( Figure 1) . From all participants, we obtained 703 brain large arteries (mean per participants, 7; median, 6; IQR, 5-9) at the time of autopsy.
Brain Large Artery Measurements and Ante Mortem Cognitive Performance
We used arterial wall thickness and lumen diameter as continuous measures of brain arterial disease and atherosclerosis and dolichoectasia as categorical variables of arterial wall disease. In the first simple model (Table 2) , there was an association between thicker arterial wall and poorer ante mortem global score (B = −0.177, P value = .03), processing speed (B = −0.175, P = .05), and verbal fluency (B = −0.291, P = .01) but not with motor, working memory, or executive function scores. Further adjustment for viral loads, CD4 counts, history of opportunistic infections, and vascular risk factors did not change the significance of the association. Greater lumen diameter was overall associated with better ante mortem cognitive scores but it did not reach significance in any of the comparisons. Substituting wall thickness with atherosclerosis and dolichoectasia showed a negative association with both brain large artery phenotypes but it did not reach significance in any of the comparisons.
Using model 3, we confirmed that during follow-up, there was poorer cognitive performance in all domains except executive function (Table 3 ). Higher CD4 counts over time, however, were associated with better cognitive performance in all domains. Other relevant associations included literacy (as assessed by the WRAT score) with better cognitive performance over time and nadir CD4 associated with poorer cognitive performance. Men had poorer processing speed and verbal fluency compared with women, and hypertension was associated with poorer motor performance. There was a persistent, but not significant, negative association between diabetes and cognitive performance and dyslipidemia with better cognitive performance. In a sensitivity analyses, removing NPI-O from model 3 did not affect the results in any of the models.
Brain Large Artery Disease and HAND Status at the Time of Death
At the time of enrollment, 20% (N = 19) were cognitively normal, 15% (N = 15) had subsyndromic NPI, 12% (N = 11) had MCMD, and 3% (N = 3) had HAD. Half of the sample had NPI-O confounded by drug use, acute medical illness, central nervous system (CNS) opportunistic infection, poor vision, or incomplete battery tests or low literacy. Upon death, 10% (N = 9) remained cognitively normal, 78% (N = 74) persisted cognitively impaired (either with NPI or HAD), and 12% (N = 11) had incident MCMD/HAD or progressed to HAD from less severe forms of HAND. Using an adjusted multiordinal hierarchical regression (with variables from model 3 in Table 2 ), the probability of having any cognitive impairment at death was higher with thicker arterial walls (B = 0.262 ± 0.211, P = .20) and lower with larger arterial lumen (B = −0.409 ± 0.249, P = .10). Categorizing cognitive impairment at the last antemortem visit as incident (ie, participants cognitively normal at baseline developed MCMD/HAD during follow-up) or worsening cognitive impairment (ie, participants with MCMD progressed to HAD) vs cognitively stable (ie, participants remained cognitively normal or remained with stable MCMD) demonstrated an independent significant association between thicker arterial walls (B = 0.523 ± 0.234, P = .03) and inverse association of larger arterial lumen (B = −0.633 ± 0.252, P = .01) with incident or worsening HAND.
In a post hoc analysis using model 3 from Table 2 , we found that at the time of death, hypertension (B = 0.288 ± 0.119, P = .01) was associated with wall thickness, and older age had a marginal association (B = 0.013 ± 0.007, P = .06). Use of cART at the time of death (B = 0.452 ± 0.135, P = .001) and unsuppressed viral load (B = −0.290 ± 0.148, P = .05) were associated with lumen diameter. None of the other covariates were statistically related to arterial wall thickness or luminal diameters.
DISCUSSION
In this study, we present novel evidence of an association between brain large artery morphometry with ante mortem cognitive performance trajectories and with neurocognitive diagnoses at the time of death. A thicker arterial wall at the time of death was associated with poorer ante mortem cognitive performance independent of vascular risk factors and immunovirological variables such as CD4 counts, viral load, and use of cART. In addition, a thicker arterial wall correlated with HAND at the time of death, in particular worsening HAND. The relationship between brain large artery disease and HAND has not been studied, but data from this study suggest that there are cerebrovascular contributions to HAND that may merit further study. Lumen diameter, which is directly proportional to blood Figure 1 . Longitudinal T scores in various cognitive domains suggestive of an overall negative trend in cognitive performance over time. Each line represents an individual performance over time (x axis) visits. The negative trend was confirmed for all domains except for executive function using multivariate analyses adjusting for age, sex, age at the first visit, and follow-up time.
flow, appears to counteract the effects of a thicker arterial wall. Dolichoectasia, however, was also associated with poorer cognitive performance, but the study lacked the power to validate this observation.
The observed association between brain arterial thickness and lumen with cognitive performance and diagnoses deserves further discussion. It is possible that a thicker arterial wall represents end organ damage after lifetime exposure to vascular risk factors. This may be even more important when we lack continuous measures of vascular risk factor control over time. However, the minimal attenuation after controlling for vascular risk factor (model 2 to model 3) suggests that alternative explanations may exist. Brain arterial wall thickening is inherently associated with aging, and it may relate to Alzheimer dementia in uninfected populations [20] . Thickening of the arterial wall is related to atherosclerosis, but not exclusively. Compensatory intimal thickening with no atheroma may result from chronic blood flow, resulting in wall thickening and increased arterial stiffness [20, 23] . A preserved lumen but a thicker wall would result in greater stiffness [24] , particularly if accompanied by elastin loss [25] , which in turn may cause parenchymal damage due to arteriolar remodeling and bloodbrain barrier dysfunction [26] [27] [28] . In fact, blood-brain barrier dysfunction is consistently associated with axonal damage and Beta estimates obtained from model 3 represented in Table 2 . a P value .05-.01. b P value < .01-.001. c P value < .001.
HAND [29] . It is possible that HIV-related immune activation may be an effect modifier in the association between wall thickness and cognition, but we lack measures of systemic inflammation to test this hypothesis. Maintenance of viral suppression and cART use at the time of death were associated with larger luminal diameters in this sample. It is not clear from our data whether the effects of viral suppression on cognition are mediated by lumen preservation or whether lumen preservation is an epiphenomenon related to less CNS inflammation and neuronal degeneration [30] . Elucidation of this relationship may further the understanding of the cerebrovascular contributions to HAND. Strategies to maintain the lumen and prevent wall thickening may plausibly modify the natural history of HAND. Based on the data presented here, aiming at normotension and maintaining viral suppression are probably the easiest and least controversial measures to protect the brain against stroke, small artery disease, and possible HAND. Whether other strategies may provide additional brain protection by modifying the effects of HIV on brain large arteries remains unknown, and their effect may be marginal.
Our study also needs to be contextualized with prior reports in order to be in agreement with the current literature. For example, diabetes has been associated with HAND in other cohorts [31, 32] . We did not confirm an association between diabetes and cognitive scores. However, the most likely explanation is that categorical variables require larger samples for achieving statistical significance. Alternatively, our cohort may not have the severity of end organ complications from diabetes that is seen in other populations. It is possible that diabetes also predisposes to thicker arterial walls by increasing the risk of atherosclerosis [33, 34] , which is a frequent underlying phenotype of arterial wall thickening (Figure 2 ). Hypertension was an overall negative influence for global cognition, processing speed, and verbal fluency, but it was significant only for motor performance. This may be due to the greatest impact of hypertension in subcortical white matter disease and lacunar infarcts, which in turn may be related to poorer performance in grooved pegboard test performance [35, 36] . The effects of vascular risk factors over cognitive performance seem to be even more relevant for cohorts with higher CD4 medians compared to ours [37] . Consequently, the higher prevalence of persistent immunosuppression in our sample may have attenuated the strength of association of vascular risk factors with cognitive performance. Avoiding low nadir CD4 and maintaining high CD4 counts with continuous use of cART may preserve cognition, in addition to decreasing cardiovascular morbidity and mortality in HIV [12, 38, 39] .
The results from this study should be contextualized to our cohort, which represents an ethnically diverse urban population with advanced HIV. The rates of cART use in our cohort are similar to the rates reported throughout the United States [40] . Similarly, the relatively lower nadir and subsequent CD4 counts reflect the immunological status of underserved populations, which now account for the majority of the existing and new HIV cases in the United States [40, 41] .
Categorical variables, either as an outcome or as covariates, require large samples to detect statistical significance. Additionally, hierarchical models used to account for the data structure limit the power of this study. Consequently, it is possible that we missed relevant associations with HAND. Accounting for the complex data structure, however, increases the validity of the associations detected. Other limitations include the relatively small sample size and selection bias related to autopsy consent.
In summary, we report a novel association between brain arterial wall thickening and poorer ante mortem cognitive performance and diagnosis of incident or worsening HAND at death. Preservation of the arterial lumen and, with it, the brain flow may be related to better ante mortem cognitive performance and is negatively associated with the diagnosis of incident or worsening HAND. In addition to diligent control of blood pressure, avoidance of low nadir CD4, and maintenance of CD4 and viral suppression, strategies to prevent or slow down brain arterial wall thickening and to preserve the arterial lumen may plausibly alter the natural history of HAND.
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